The dynamics of economies and infectious disease are inexorably linked: economic wellbeing influences health (sanitation, nutrition, treatment capacity, etc.) and health influences economic well-being (labor productivity lost to sickness and disease). Often societies are locked into "poverty traps" of poor health and poor economy. Here, using a simplified coupled diseaseeconomic model with endogenous capital growth we demonstrate the formation of poverty traps, as well as ways to escape them. We suggest two possible mechanisms of escape both motivated by empirical data: one, through an influx of capital (development aid), and another through changing the percentage of GDP spent on healthcare. We find that a large influx of capital is successful in escaping the poverty trap, but increasing health spending alone is not. Our results demonstrate that escape from a poverty trap may be possible, and carry important policy implications in the world-wide distribution of aid and within-country healthcare spending.
Introduction
As economics and health are inexorably linked, implementation of appropriate health-centered public policy decisions is a non-trivial undertaking and carry important consequences for long-term economic growth and the health of societies. On the one hand economic health has a large influence on the physical health of a society (through hospitals, improved infrastructure and sanitation, the ability to grow or import healthier food, etc.), while on the other, economic productivity is dependent upon the overall well-being of workers; e.g. sick people cannot (fully) participate in the labor market (1) (2) (3) . Despite this strong interdependence, few studies have examined directly the interplay between economic growth and the ecology of infectious disease (4) (5) (6) (7) (8) (9) . Many studies have focused on the cost-effectiveness of treatments (10, 11) , but only a handful of studies have focused on other economic aspects such as game-theoretic models of vaccination uptake by individuals (12) (13) (14) (15) (16) (17) (18) , and positive and negative externalities imposed by the treatment and evolution of infectious diseases (19) (20) (21) (22) (23) (24) .
In the present study we present a simple model of economic growth and disease transmission extended from a model developed by (4) where they demonstrate how poverty traps can be formed through the interplay of infectious disease and economics. We extend their model to include endogenous economic growth and examine under which scenarios a country could foreseeably escape a poverty trap. Our approach is based on a deterministic Susceptible, Infectious, Recovered, Susceptible (SIRS) model (25) coupled with a Solow economic growth model (26) , allowing economic growth to be endogenous. We parameterize our model with empirical socioeconomic data and test two hypotheses for escaping a poverty trap formed by infectious diseases:
one, that a large influx of development aid (capital) will increase the absolute amount of money available for healthcare spending allowing disease to be reduced to a level which will allow a economic growth; and two, that increasing the percentage of GDP spent on healthcare (without the addition of development aid) will reduce disease to levels which allow economic growth.
2 How Can We Improve the Health and Wealth of a Society? Figure 1 illustrates two possible routes out of an unhealthy and poor status and are chosen specifically to motivate our two hypotheses. Child mortality was high in the Middle Eastern countries Oman, Iran and Saudi Arabia in the early nineteen sixties. After the cost of oil rose, their GDP per capita greatly increased, and child mortality continually decreased. Thus, it is possible that a large influx of capital caused an absolute increase in healthcare spending which thereby improved infrastructure and sanitation (note that Qatar established specialized hospitals in 1979 with pregnancy care and vaccination programs. Source: www.sch.gov.qa/sch/En/scontent.jsp?smenuId=40), moving these countries from a rich and unhealthy to a rich and healthier society today.
Another route from poor and unhealthy to wealthy and well is through increasing relative healthcare spending (as a fraction of GDP). This is motivated by Serbia and the former Soviet republic of Kyrgyzstan. After the Soviet Union collapsed, per capita GDP shrank, but child mortality decreased. This may be due to increasing percentage of GDP spent on health. In 1996 Kyrgyzstan adopted the Manas program, a national primary-care health system and in 1997 implemented a mandatory insurance program (27) . Both examples of national and individual increases in healthcare spending without increases in capital. Similarly for Serbia, after the breakup of Yugoslavia, a shift towards private insurance and increases in healthcare costs (paid both by government and individual) increased healthcare spending, albeit at the cost of efficiency (28 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 
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is the production function for capital K and labor force L, and capital decreases due to inflation at rate δ. Thus, capital changes according to
To utilize (1) we have to specify a functional form for the production function. Here we use the Cobb-Douglas production function (29, 30) :
where α and β parametrize capital and labor returns on production, and A is the multifactor productivity representing technology and innovation. An important case of the Cobb-Douglas pro- Weighted logistic regression for sanitation s(k) and nutrition n(k) (note that estimated slope parameters are for logarithm to base 2 in (13)). Estimates: Sanitation: θ
duction function is when α + β = 1, corresponding to constant returns to scale, i.e. doubling K and L also doubles Y .
Since our timescale of analysis is relatively short (< 5 years) we set δ = 0 for simplicity. Furthermore, we restrict our analysis to the basic model (1) and set A = 1, assuming no improvements in innovation and technology.
SIRS Model of Disease Transmission
We use a standard SIRS model to describe the dynamics of a generic disease in a population of size N (25). The population is divided into three non-overlapping compartments: susceptible (S), infected (I), and recovered (R). By definition, N = S + I + R. The dynamics of the system are represented by the following ordinary differential equations (ODEs):
where µ is the birth rate, ν is the death rate, p is the fraction of newborns that receive prophylaxis, t is the fraction of infected people that get treated, C is the number of contacts per person per unit time, ι is the probability of infection given the contact is infected, γ is the recovery rate, b is the "recovery benefit" (percentage) conferred by being treated, and κ is the relapse rate at which recovered people lose immunity and thus become again susceptible to the disease. 
Solow -SIRS Model of Wealth and Health
The impact of health in the Solow model is two-fold: first, infected people cannot participate at their fullest in the labor force (i.e. they only have a fraction ∈ [0, 1] of productivity; if infected people cannot work, = 0), and second, prophylaxis and treatment incurs costs. Thus,
prophylaxis and treatment costs per time ,
where c p is the prophylaxis cost per newborn individual ($/person) and c t is the treatment cost per infected individual per unit time ($/person/time). While birth and death rate depend on wealth, for simplicity we assume constant µ and ν over the time-scale of infection.
Let φ be the proportion of the budget K that is available to spend on health per unit time.
For public policy strategies we make two important assumptions: first, money will only be spent on treatment if all newborns are prophylaxed; and second, if a country has a large enough health budget to cover the cost of prophylaxis for everyone (cost/time = c p µN ) then it will do so, thus prioritizing prophylaxis. The fraction of newborns that receive prophylaxis equals
= min φk c p µ , p,max (8) where p,max is an upper bound on the maximum proportion of people who (choose to) get prophylaxis, and k = K N is GDP per capita.
Let K p = c p p (k)µN be the total amount of money spent on prophylaxis per unit time ($/time).
Then the remaining health budget can be spent on treatment, and the fraction of infectious individuals being treated equals
where t,max is the maximum proportion of infected individuals that are able to be treated. To test the robustness of our findings we also use an entirely opposite strategy where health budget is spent primarily on treatment, and the remaining budget is spent on prophylaxis. To test the impact of changing healthcare spending (as percentage of GDP), we vary φ.
Economic status affects most parameters in the SIRS model. Thus Equations (3) and (4) become
Here transmissibility, β(s(k)) = C · ι(s(k)), and recovery, γ(n(k)) = τ n(k), depend on sanitation s and nutrition n, respectively. The direct dependence of sanitation and nutrition on GDP per capita can be estimated from real-world data. However, due to lack of data on infection probabilities the effect of s on ι must be chosen on a qualitative basis. We assume that ι decreases as sanitation increases ( ∂ ∂s ι(s) < 0), and that an increase in capital has only small effects on infection for very low and very high sanitation levels, but has large effects on infection at intermediate levels of sanitation (see the ESM).
Data, Modeling Dependence, and Parameter Estimation
The data shown in Figure 2 were obtained from the World Bank Data Repository (data.worldbank.org) and from www.gapminder.org. Logistic regression to predict sanitation from GDP per capita not only gives a good fit (Figure 2 ), but also passes standard model checks. The functional relationship 
SIR endemic proportions (a, b, c, e, f, g) and capital growth (d, h) without (a -d) and with (eh) development aid (reducing costs of prophylaxis and treatment by 50%). Larger initial capital
k (y-axis) decreases infection, and increasing health share φ (x-axis) eventually decreases I for all k (a, b, c, e, f, g). Development aid shifts to the left in the value of φ required to reduce disease prevalence compared to the no aid scenario, i.e. a smaller proportion of per capita healthcare spending is required to achieve the same effects. This is seen in (d) and (h) where without aid, rich economies can increase φ without drifting into economic decline, while poor countries are caught in the "poverty trap" ("Shrinkage" region), while including aid (cutting costs by 50%) helps small k countries to fight infections while still maintaining economic growth. Initial conditions: N = 10 6 , S = N − 1, I = 1, R = 0, and c p = $2, c t = $50 (no aid).
thus becomes
whereθ 0 = e θ 0 . We proceed analogously for nutrition n(k). Using the logit(p) = p 1 − p transform,
and (θ 0 , θ 1 ) can be estimated from the data using ordinary least squares (and variants). For the SIRS simulations we use robust parameter estimates (rlm in R (32)). Details on data sources, parameter estimates, and model fits can be found in the ESM.
Numerical Results from ODE Simulations
For simulations we fix fundamental economic and disease parameters, and consider how different levels of capital (K) and health budget policies (φ) affect disease spread as well as economic growth.
Ultimately, policymakers are interested in (a low) infection prevalence and (high) economic growth.
The economy we consider i) has a population of one million people (N = 10 6 ), ii) has a savings rate of σ = 0.3, iii) is labor focused (α = 0.2), and iv) has no inflation δ = 0. Varying σ and α do not make qualitative differences to the main results (see ESM).
As our purpose is to explore two general hypotheses about economic growth and health, we consider a generic disease in a population, i.e. we wish to keep the analysis from being diseasespecific and thus applicable to many pathogens, and thus have chosen parameters to encompass longer-duration infections, such as bacterial pneumonia or parasitic worms (25) . One time step corresponds to 1 day. We assume a i) maximum recovery rate with a treatment of τ = 14.04 
1 = 0.14, respectively. Calibration parameters for infection probability and recovery rates are given in the ESM.
The numerical solution of the ODEs was obtained for initial conditions: k(t = 0) ∈ 10 3 × {1, 2, 3, . . . , 15} and φ = 0 (no health budget) for t = 365 days (1 year). At t = 365 days we raised φ from zero to log 10 φ ∈ {−8, −7.75, −7.5 . . . , −3} and ran the ODEs forward another 365 time steps. Figure 3 shows an example of two extreme economic scenarios. In a "rich" country (k = 15, 000) the proportion of infected people I reaches about 12% after 1 year and the economy grows exponentially (Figure 3, left panel) ; after the policy change I decreases to about 2% and economic growth slows, but remains positive. A "poor" country (k = 1, 000) has similar disease prevalence after one year (Figure 3, center panel) , and increasing the health budget to φ = 10 −3 also results in a sharp decline in infections. However these policies lead to negative economic growth, which will consequently lead to more infections in the long run. This is the classic poverty trap as previously described (4). Figure 4 shows the phase space plot of (S, I, R) and ∆ log k (log-returns) at t = 730 days (2 years) as a function of initial capital per capita, k, and percentage spent on healthcare, φ. The topleft of Figure 4 show the boundary of effective and economical disease defeat: while both rich and poor economies can lower the proportion of infected people by changing φ, richer countries (higher initial k) have to spend proportionally less of their budget on prophylaxis and treatment (smaller φ), than poorer countries do. Importantly, if a poor country decides to aggressively fight the disease it will temporarily lower prevalence of disease but will end up with negative economic growth (top right, Figure 4 , red region of "Shrinkage"), ultimately leading to bankruptcy and possibly high prevalence of disease. Rich countries do not fall into this poverty trap due to remaining positive economic growth.
Increasing the Health Budget can Lead into a Poverty Trap

Escaping the Poverty Trap
Countries within poverty traps cannot escape without exogenous input. We aim to test two ways of escaping: one, by increasing capital (development aid) and two, by changing the proportion spent on health care (φ). The right panel of Figure 3 shows that this cut in costs puts poor countries (initial k = 1, 000) on a path of economic growth even after increasing φ (compared to the decline in the center panel).
Similarly, the bottom row of Figure 4 demonstrates that poor countries can escape the poverty trap and still have a healthy population if they get sufficient development aid. For countries with low savings rates (σ) or returns on capital (α), escape from the poverty trap is possible, albeit at higher levels of development aid (see ESM).
How Much Support is Necessary?
Development aid in the form of halving the costs of treatment and prophylaxis allow countries to escape the poverty trap, but is this level of support necessary? Figure 5 shows the phase space diagram of health spending φ (x-axis) versus percentage of development aid (y-axis) for a (poor) country with initial k = 3, 000. We see that if development aid exceeds ≈ 50% it can provide long term health and economic benefits for the country. Below this level of aid, even if a country is willing to spend a large share of its budget on health they cannot escape the poverty trap.
Discussion & Outlook
Economics and the dynamics of infectious disease are deeply linked. Here we extend a model of economics and infectious disease to include endogenous growth of capital. Our aims were twofold:
to demonstrate the existence of poverty traps formed by the dynamics of infectious disease (as has been previously demonstrated in (4)) and to test two ways of escaping a poverty trap. Though the framework of our model was relatively simple, we parameterized our model using empirical data in attempts to capture important characteristics of real-world economic and health developments.
We found that increasing the percentage of GDP spent on capital alone was not enough to escape the poverty trap, while development aid (through the form of reducing costs of treatment and prophylaxis) allowed countries to reduce disease prevalence and have economic growth, effectively escaping the poverty trap. Our model posits ways to escape poverty traps without having to rely on stochastic effects (6). Although the nature of the current study was qualitative, our parameter estimates were derived from empirical data and our model features endogenous economic growth, to our knowledge, a first in the field. Future work could extend the model in directions such as incorporating innovation and technology growth (33) , education as means to increase human capital (34) (35) (36) , as well as international trade (37), or migration (38) . Future models could include age-structure to capture differential morbidity and mortality by age. More reliable data to improve parameter estimates, especially nutrition, could increase the realism of the models, as would extending models to incorporate structured populations.
Determining the optimal level of developmental health aid has been the subject of much debate (39, 40) . Our findings underly the importance of sufficient developmental aid in that too little aid (here cutting costs by less than 50%) simply fails to pull economies out of spirals of poor health and low wealth. Our model featured a generic disease and could be further extended to focus on a specific malady (e.g.: malaria, diarrheal diseases, HIV, tuberculosis). Many pathogens which affect developing economies are treatable and our results suggest a relative minimum of aid would be necessary to help these countries become healthier and economically productive. Additionally, our model suggests that with aid, countries can lower per capita health care spending and still have economic growth.
While our data-driven model parametrization yields a more realistic interplay between economic and health, our model extension of previous work still paints a largely simplified picture on the decision making process. Our models are not suitable to give quantitative recommendations for policy makers facing specific health hazards. However, we can show that poverty traps can exist if decision makers do not choose their policies wisely. Designing such optimal policies (perhaps through a dynamic optimization framework) remains a task for future research.
A recent report (41) put forward by a commission of 25 leading global health experts and economists contends that "health disparities between nations could be eliminated within a generation" if funds are invested in healthcare systems of low-and middle-income countries, resulting in enormous social and economic gains. The present work, demonstrating that external aid is key in decreasing the burden of infectious diseases, while also promoting economic growth, offers validating evidence to this report.
